A new thioester functionalized calix [8] arene derivative is used for the synthesis of metallic Pd, Pt and Ru nanoparticles, exhibiting several interesting features such as stability and remarkable surface functionalization. Crystalline particles of very small dimensions and good dispersion have been obtained.
There is presently a considerable interest for the study and the use of metallic or semiconducting nanoparticles because of their novel and attractive physical [1] [2] [3] [4] [5] and chemical properties [6, 7] . In most cases, the solutionphase synthesis of metallic nanoparticles involves the controlled self-condensation of reduced metal centers in the presence of a suitable ligand. This ligand usually acts a stabilizer for the coordinatively unsaturated metal centers, prevents the agglomeration of the nanoparticles and controls the particle's size [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The stabilization of nanoparticles by ligands containing multiple anchoring groups is interesting, as it may improve the stability of the ligand shell due to the cooperative binding of all these groups. Moreover, this cooperativity-based strategy may also open the possibility to use individually weakly bonded ligands, without compromising the stability of the nanoparticles. The lability of each individual weak bond between the anchoring group and the surface of the metal may allow for a much greater reactivity of these nanoobjects in catalysis, along with a good stability due to these cooperative effects. Some examples of nanoparticles with ligands containing multiple anchoring groups such as veratrole or calixarene derivatives [18] have been already described.
Most of the interesting properties of calixarenes are directly related to their conformational behavior. The grafting of calixarenes onto nanoparticles may ultimately lead to a better conformational control and thus to new properties for these molecules. New properties may also be expected for these nanoparticles/calixarene nanocomposites, for example, in catalysis, where the reactivity of metallic surfaces may be combined with the molecular recognition properties of calixarenes. We show here that a conformationally very flexible calix [8] arene derivative alone leads to the formation of very stable palladium, platinum and ruthenium nanoparticles of small dimensions. This calix [8] arene is functionalized with both thioester and hydroxyl groups. The former allows for the anchoring of the molecules onto the metallic surfaces, the later may be used for an easy post-derivatization of these nanoobjects. A stability test showed that the nanoparticles are not affected by heating for hours in strongly acidic organic solutions.
The synthesis of the sulfur functionalized calix [8] arene used in this study is depicted in Fig. 1 .
Starting from the commercially available 4-(benzyloxy)phenol, the corresponding calix [8] arene is easily obtained by basecatalyzed condensation with paraformaldehyde [19] . From this calixarenic platform the thioacetate functionalized macrocycle is attained with an overall yield of 30% (see Supplementary material for experimental details). The reaction between 0.1 equivalent of this thioacetate functionalized calix [8] arene and 1.0 equivalent of a suitable zerovalent Pd, Pt or Ru metallic complex [Pd(dba) 2 , Pt(dba) 2 and Ru(Cod)(Cot), respectively] under hydrogen in THF leads in all three cases to the formation of well defined metallic nanoparticles (see supporting information for experimental details) [20] . Fig. 2 shows TEM pictures of these three systems (more TEM pictures are provided in Supplementary material, S1).
However, larger aggregated particles of about 2-3 nm are observed in the case of ruthenium.
The reason for this is unclear, although a similar behavior has already been observed for thiol-stabilized Ru nanoparticles [20] . This difference may be explained by the formation of Ru-O bonds between adjacent nanoparticles. Such a phenomenon is not observed in the case of Pt and Pd nanoparticles, due to their lower affinity for oxygen.
These nanoparticles are smaller than those obtained with more conventional monofunctionnal thiols at equivalent sulfur concentration. This may be explained by the very high local thioester concentration around the metallic centers during the growth of the nanoparticles. Indeed, the grafting of the first thioester group brings the seven remaining ones in close proximity with the nanoparticle's surface, resulting in an increase of thioester effective concentration. This results in both an improved coverage of the surface, and size reduction.
A striking feature is the reduced size distribution of the nanoparticles, especially for Pd and Pt, indicating that some Fig. 2. (a) Pd, (b) Pt and (c) Ru nanoparticles stabilized by the thioester functionalized calix [8] arene E. sizeselection processes are occurring during the synthesis. A possible explanation may lie in the fixed number of 8 structuring thiolate-type ligands per calix [8] arene. Assuming that all the calix [8] arene's sulfur atoms are bonded to metallic surface atoms, the number of these surface atoms should thus be fixed as a multiple of 8. Such effect may result in a more defined geometry in comparison with monodentate ligands. As an example let us consider the case of a 1 nm cubooctahedral nanoparticle. In this case, the number of surface atoms (As ) and total atoms (At ) are 32 and 38, respectively. Considering (as a rough approximation) that all the 32 metal surface atoms are bonded to a sulfur atom from the calix [8] arene, 4 calixarenic ligands are likely to be grafted on the surface (Fig. 3) . The observed sulfur-topalladium ratio is close to the expected one in the case of the proposed model (32 sulfur atoms and 32 surface palladium atoms), as shown by elemental analysis (see Supplementary material). The same holds true for platinum and ruthenium nanoparticles. In these cases, elemental analysis shows a sulfur-to-metal ratio close to the expected one if all the surface atoms are bonded to sulfur.
To the best of our knowledge, such ligand-induced size selection mechanism was not yet reported.
The IR spectra of all these nanoparticles (S2) shows the presence of the expected signals associated with the calix [8] arene stabilizing ligand and the disappearance of the characteristic thioester C=O peak at 1690 cm −1 . It can thus be concluded that (i) the calix [8] arene macrocyclic framework is not affected by the synthetic procedure (no hydrogenation of the hydroquinone group for all three metals used in this study), and (ii) the thioester is cleaved during the growth of the nanoparticles (hydrogenolysis), most likely with formation of a transient thiol group which then adsorbs onto the surface of these nanoobjects. In the case of Pt and Ru nanoparticles this reaction probably occurs along with a decarbonylation of the starting thioester, as C≡O is observed with these two metals (see below). In the case of the Pd and Pt systems, signals associated with occluded solvents (THF) are observed around 1100 cm −1 even after vacuum drying at ambient temperature. Such a solvent inclusion phenomena is commonly observed with most calixarenes [18] .
More interestingly, for Pt and Ru nanoparticles, new signals are also observed at 2061 cm−1 (Pt) and 2025 cm (most likely from a decarbonylation of the thioester group) adsorbed in a terminal geometry [21, 22] . Additionally, the large band observed at 1917 cm−1 for Ru nanoparticles could be assigned to the presence of Ru-H species, as adsorbed hydrogen atoms give peaks in the 1900-1960 cm
region [23] . This band is unsymmetrical and displays shoulders. The vibration can be assigned to twin or dihydrogen-like types which are terminally bonded on the metal crystal [24] . It can thus be concluded that in the case of Pt nanoparticles, two different kinds of ligands (CO groups and thiolates from the calix [8] arene) are grafted at the same time onto the surface. In the case of the Ru ones, three different species (the calix [8] arene as its thiolate derivative, CO and hydrogen) are bonded to the surface. The presence of different species onto the surface may first be explained by different coordination modes for these ligands. Considering that the most stable binding modes of the thiolate ligand are generally the so called "hollow" or "bridging" ones, other "on top" coordination sites are still available (e.g., corners or edges) for extra species. A preferential binding of carbon monoxide and hydrogen onto the coordinatively unsaturated metal atoms located at the edges or corners of the nanoparticles is thus likely. The very small size of the nanoobjects points in the same direction, as in this case the number of "edge" or "corner type metallic centers" ("on top" sites, available for CO or hydrogen) is of the same order as the "face" ones (defining "hollow" or "bridging" sites, available for the thiolate ligands).
Moreover, once grafted onto the surface of the nanoparticles, the calix [8] arene ligand is conformationally restricted, resulting in an increased rigidity for this molecule. Accordingly, the mobility of calix [8] arene's thiolate groups on the surface is reduced, as is their ability to saturate all the available coordination sites (compared with a more classical monodentate thiol). More metal atoms may thus remain available for coordination to other ligand species.
The different combinations of ligands observed for Ru, Pd and Pt nanoparticles may be explained first by the fact that although Ru-CO, Pt-CO, and Pd-CO bonds on one hand and Ru-H, Pt-H, and Pd-H bonds on the other hand are well documented in literature, they do not exhibit the same relative chemical stability. A competition is likely to occur between H, CO (and sulfur) for the surface atoms of the nanoparticles. Only the most stable combinations (in our experimental conditions) are observed at the end of the growth process.
Moreover, the formation of CO probably results from a decarbonylation of the starting thioester group. Although such decarbonylation processes are already known for some noble metals complexes, they are not easily observed for all noble metals. The absence of CO in the case of the palladium nanoparticles may be rationalized in this way, especially if one considers that the Pd-CO bond is less stable than the Ru-CO and Pt-CO bonds.
In the case of Pt and Ru nanoparticles, the presence of such catalytically relevant species as hydrogen and/or CO along with the calix [8] arene may lead to interesting catalytic behavior. The study of these systems is underway.
In order to test the chemical stability of the nanoparticles, a sample of these nanoparticles was heated for 2.5 h in a 0.3 M ethanolic solution of p-toluenesulfonic acid at 70 •C. For the palladium and platinum particles no precipitation was observed, showing the strong binding of the ca-lix [8] arene ligand to the particles. These nanoparticles where then precipitated with pentane and dried under vacuum. These dried samples readily redissolve in organic solvents (such as dichloromethane, THF, ethanol) except pentane.
The IR spectra of Pd, Pt and Ru nanoparticles are similar to those observed before heating. As an example, the IR spectrum of the palladium nanoparticles after this acidic treatment is shown in S3. All the characteristic signals associated with the calix [8] arene are still observed, confirming the strong binding of the calix [8] arene ligand to the Pd surface. Additionally, the signals associated with included solvents (observed on the initial nanoparticles) have now disappeared. A TEM picture of the Pd nanoparticles after the acidic treatment shows that the size distribution of the nanoparticles remained essentially unaffected (S4).
In conclusion, a new sulfur-containing calix [8] arene derivative was synthesized and used for the synthesis of Pd, Pt and Ru nanoparticles. In all three cases, well defined, crystalline nanoobjects are obtained. In the case of Ru, 2-3 nm, aggregated nanoparticles are obtained. For palladium, 1 nm small, highly monodisperse nanoobjects are observed. In the case of platinum, discrete, subnanometric nanoparticles are present.
It is shown that surprisingly, although the presence of the calix [8] arene is observed as expected in all three cases (most likely as its thiolate derivative), carbon monoxide and carbon monoxide plus hydrogen are also evidenced at the surface of platinum and ruthenium nanoparticles respectively.
As the calix [8] arene is functionalized with reactive hydroxyl groups, further derivatization of these nanoobjects should be possible, opening the way to a new family of tailor-made nanoparticles. This possibility is being investigated in our groups.
A first stability experiment using these nanoparticles revealed the high chemical stability (at least in acidic media) of these systems, opening the way to the derivatization of these nanoobjects and the study of their catalytic properties.
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